We studied mtDNA introgression across the contact zone between Mus musculus musculus and M. m. domesticus in two independent transects in the Czech Republic and Bavaria, Germany. A total of 1270 mice from 98 localities in the Czech transect and 456 mice from 41 localities in the Bavarian transect were examined for presence or absence of a Bam HI restriction site in the mt-Nd1 gene. Using this simple mtDNA marker, variants that belonged to the M. m. domesticus lineage (presence of restriction site) could be unequivocally distinguished from those belonging to the M. m. musculus lineage (absence of restriction site). The extent of introgression of mtDNA, three autosomal allozymes and the X chromosome was compared. The introgression of X markers was more limited than was that of the allozymes and mtDNA. In the Czech transect, the centre for the mtDNA cline was shifted about 3.6 km to the west relative to the X chromosome cline, with asymmetric introgression from M. m. musculus to M. m. domesticus . Interestingly, in the Bavarian transect, the centre of the mtDNA cline was shifted about 10.9 km to the east relative to the X chromosome cline, with asymmetric introgression from M. m. domesticus to M. m. musculus, opposite in direction to that observed in the Czech transect.
INTRODUCTION
Animal mitochondrial DNA (mtDNA) differs from nuclear DNA in that it exists in thousands of copies per cell, it is inherited mostly maternally, it evolves quickly and it lacks recombination (Avise, 1994; Birky, 2001; Ballard & Whitlock, 2004 ; see also e.g. EyreWalker & Awadalla, 2001 and Burzyñski et al ., 2003 for evidence of infrequent mtDNA recombination; Gyllensten et al ., 1991 for evidence of paternal inheritance). Mitochondrial genomes have generally been considered to be selectively neutral and not closely linked to genes responsible for maintaining reproductive isolation (Barton & Jones, 1983) , although the neutrality of mtDNA has recently been challenged (William, Ballard & Kreitman, 1995; Rand, 2001; Gemmell, Metcalf & Allendorf, 2004) . Since the mitochondrial genes are less closely linked, on average, with nuclear genes than nuclear genes are with each other (Barton & Jones, 1983; Barton & Hewitt, 1985) , the mitochondrial genome has the potential to overcome boundaries of populations or even species more easily than do nuclear genes, which can be more closely linked to loci under selection on the hybrid background. The smaller effective population size of mtDNA compared with nuclear loci may facilitate this process. Therefore, even a very small amount of immigration is sufficient to establish a neutral mitochondrial haplotype in a foreign population (Takahata & Slatkin, 1984) . However, mtDNA introgression may arise not only by chance due to the low effective population size of mtDNA, but also by selection due to local adaptation of mitochondria, or by selective introgression following mutational meltdown in small populations (Ballard & Whitlock, 2004) . Interspecific mitochondrial introgression or complete transfer, accompanied by little or no nuclear introgression, has been shown to occur in a number of taxa, for example in Triturus (Babik, Szymura & Rafiñski, 2003) , Oreochromis (Rognon & Guyomard, 2003) , Dendroica (Rohwer, Bermingham & Wood, 2001) , Thomomys (Ruedi, Smith & Patton, 1997) , Microtus (Jaarola, Tegelström & Fredga, 1997) , Salvelinus (Wilson & Bernatchez, 1998) and Drosophila (William & Ballard, 2000) (see also Avise (1994: 260) and Arnold (1997: 52-56, 58-63, 162-172) for a review of older literature).
Hybrid zones, defined as regions where genetically distinct populations meet and produce hybrids (Barton & Hewitt, 1985) , offer an excellent tool with which to investigate levels of gene flow and to compare the involvement of diverse parts of the genome in forming reproductive barriers between incipient species. If a mitochondrial gene, even a single differentiated codon, was under epistatic selection, the entire mtDNA genome would be involved, due to lack of recombination. Only a small number of studies have shown tight coincidence and concordance between mtDNA and allozyme clines (e.g. Szymura, Uzzell & Spolsky, 2000; Dasmahapatra et al ., 2002) . These cases seem to be the exception, however. As it turns out, mtDNA clines in hybrid zones are often discordant with those inferred from nuclear loci. Such discordance may be caused either by introgression through stable hybrid zones, or the occasional founder effect (Barton & Hewitt, 1989) as, for example, likely occurred in house mice Mus musculus in Scandinavia (Gyllensten & Wilson, 1987; Prager et al ., 1993 ; see also below).
Hybrid zones in M. musculus provide an excellent opportunity to study congruence between nuclear and mitochondrial patterns of introgression. Two commensal M. musculus taxa (here considered as subspecies (Auffray et al ., 1990) ) occur in Europe: M. m. domesticus Schwarz & Schwarz, 1943 , in the west and south, and M. m. musculus Linnaeus, 1758, in the north and east. In the area of secondary contact there is a narrow zone of hybridization. This hybrid zone stretches across the Jutland Peninsula and from the Baltic coast of East Holstein, through central Europe and the Balkan Peninsula to the Bulgarian Black Sea coast (see Boursot et al ., 1993 and Sage, Atchley & Capanna, 1993 for reviews and Macholán, Kry tufek & Vohralík, 2003 for the position of the zone in the Balkans). Consistent with the prediction that mtDNA has the potential to flow across contact zones more rapidly than do nuclear genes, introgression of mitochondrial genomes has been shown previously in three transects across the M. m. musculus/ M. m. domesticus hybrid zone (encircled regions in Fig. 1 ).
An interesting pattern of mtDNA introgression is found in the south-north transect through the Danish part of the hybrid zone. In this region the southern populations of M. m. domesticus have two mtDNA variants (S1 and S2) and the northern M. m. musculus populations possess a third variant (N), also of M. m. domesticus origin (Ferris et al ., 1983; Vanlerberghe et al ., 1986 Vanlerberghe et al ., , 1988b Gyllensten & Wilson, 1987) . Gyllensten & Wilson (1987) showed that the introgression of M. m. domesticus mtDNA extends into Sweden for at least 750 km beyond the Danish hybrid zone. The results of Vanlerberghe et al . (1988b) suggested that there is a steep cline between the southern and northern types of M. m. domesticus mtDNA across the hybrid zone compared with the ten autosomal loci. However, when a larger sample was analysed the degree of introgression was found to be much more extensive than originally thought (B. Dod & P. Boursot, unpubl. data) .
Similarly, all 104 mice from 12 localities across the East Holstein hybrid zone were found to carry M. m. domesticus mtDNA (Prager et al ., 1993) . In the eastern part of the Holstein transect, where the mice have nearly pure, or largely pure, M. m. musculus nuclear genomes, 86% of the animals have mtDNA belonging to the clade which includes Swedish, Finnish and northern Danish mice (variant N). On the M. m. domesticus side of the Holstein hybrid zone, 61% of mice carry this type of mtDNA. In contrast, as shown by Vanlerberghe et al . (1988b) , only 1% of the M. m. domesticus mice in south Jutland carry the N type of mtDNA. Gyllensten & Wilson (1987) (Prager et al ., 1993) .
In the Bulgarian hybrid zone transect, mtDNA introgression seems to occur in the opposite direction, from the range of M. m. musculus into the range of M. m. domesticus . While 25% of scored individuals had M. m. musculus mtDNA on a M. m. domesticus genetic background, only 2% had the opposite combination (Vanlerberghe et al ., 1988a) . The distribution of mtDNA types in Caucasus, where only 65 mice from 11 localities were studied, seemed rather chaotic . However, given the small number of mice analysed it is difficult to say whether the differences between allozymes and mtDNA introgression are really significant. Also, the extent of nuclear gene introgression in Caucasus seems to be higher than it is in other transects in Europe. It should also be noted that the mouse populations south of Caucasus are less differentiated (Din et al ., 1996) , and the situation is also complicated by the fact that the centre of the zone has not yet been determined.
Summarizing our understanding of mtDNA behaviour in the hybrid zone between M. m. musculus and M. m. domesticus , we see that our knowledge is restricted to the northern and southern ends of the hybrid zone, and that mtDNA behaviour varies considerably among various transects. There is little published data available on mtDNA introgression in the central part of the hybrid zone. To date, only two studies have been published with information on mtDNA introgression in this region of the M. musculus hybrid zone, and neither of these focused specifically on the hybrid zone. Prager, Tichy & Sage (1996) studied 97 mice from four localities from a transect in the vicinity of Bavaria and found evidence of long-distance mtDNA introgression (about 100 km eastwards from the centre of the zone). However, Munclinger et al . (2002) did not find any signs of introgression of M. m. domesticus mtDNA into the range of M. m. musculus in their examination of 410 mice from 49 localities in the Czech Republic and Slovakia, as well as adjacent areas of north-eastern Bavaria and southern Thuringia.
In this study we analysed and compared the Bavarian and the Czech transects across the hybrid zone in more detail. Specifically, we asked whether the pattern of mtDNA behaviour could change over a rather limited geographical distance. Since the movement of the X chromosome has been shown to be severely limited in four independent transects and the X chromosome is assumed to be under strong selection in the hybrid zone (Tucker et al ., 1992; Dod et al ., 1993 ; see also Dod et al ., 2005, this issue; Payseur & Nachman, 2005 , this issue), the X chromosome clines were taken as a baseline for comparison of widths and centre positions of mtDNA clines between transects. Data for presumably selectively neutral allozymes were also included for purposes of comparison (see also Raufaste et al. , 2005 , this issue).
MATERIAL AND METHODS

A NIMALS
The commensal mice used in this study were collected in two independent transects approximately 180 km apart: a transect in the westernmost part of the Czech Republic and adjacent areas of north-east Bavaria (herein called the Czech transect) and a transect in southern Germany and western Austria (herein called the Bavarian transect). The two-dimensional Czech transect was approximately 110 km long and 40 km wide and consisted of 98 localities. Mice were collected during the years 1992-2002. A detailed description of the Czech transect will be provided elsewhere (M. Macholán et al ., unpubl. data) . The Bavarian transect was sampled as a linear west-east transect over 180 km across the hybrid zone and consisted of 41 localities. Mice were collected in 1984-85 and 1992. Most of the samples analysed in the German transect were the same as those in Tucker et al . (1992) . The positions of transects and localities are indicated in Figure 1 .
DNA ISOLATION
DNA was isolated from frozen or ethanol-preserved tissues using proteinase K digestion and subsequent extraction with phenol-chloroform and ethanol precipitation (Hoelzel & Green, 1992) .
mtDNA MARKERS
Twenty-five mice from 19 localities from the Czech transect and 15 mice from 12 allopatric populations were used in a pilot study to identify mtDNA markers useful in studying the hybrid zone. Four restriction sites ( Bam HI, Eco RI, HpaI, XbaI) given in and one (DraI) in Orth et al. (1996) assumed to differentiate M. m. domesticus and M. m. musculus mtDNA were examined. Primers flanking the restriction sites were found using the programme Primer3 (Rozen & Skaletsky, 2000) . Nucleotide positions of the fragments studied, primer sequences and relevant restriction enzymes are given in Table 1 . Bayona-Bafaluy et al. (2003) demonstrated that the mouse mtDNA sequence frequently used as a reference (Bibb et al., 1981) contains errors. However, we used the positions according to Bibb et al. (1981) to mtDNA IN THE HOUSE MOUSE HYBRID ZONE 367 allow easy comparison with the literature cited above. All the mtDNA fragments were amplified under the same PCR conditions: 1.5 mM MgCl 2 and 200 mM each dNTP. Reactions were performed using an MJ thermal cycler as follows: 95 ∞C for 3 min and 35 cycles at 95, 55 and 72 ∞C, each for 30 s. The PCR products were digested with the restriction endonuclease and subsequently analysed on 2% agarose gels. On the basis of the pilot study (see Results) the BamHI restriction site was selected as a reliable marker and used to examine 1270 mice in the Czech transect and 456 mice in the Bavarian transect.
NUCLEAR MARKERS
The following markers were used to compare the mitochondrial and nuclear genomes in the two transects. For the X chromosome, we used a B1 insertion in the Btk gene (Munclinger, Boursot & Dod, 2003) , and RFLP markers X1 (DXSmh141) at 7.8 cM and X2 (DXWas31) at 68.0 cM (Tucker et al., 1992) . For the autosomes, we used three enzyme markers located on three different chromosomes: Np, Es1, Mpi (M. Macholán et al., unpubl. data; Tucker et al., 1992) . The sample size for the X chromosome and allozyme data in the Bavarian transect was slightly smaller than that for the mtDNA screening (see Tucker et al., 1992 for details).
DATA ANALYSIS
Hybrid zone analysis has been developed primarily for fitting clines on two dimensions defined by a distance parameter of each population along a linear transect through a hybrid zone, and the allele frequency of a particular marker in the corresponding population. These conditions were met in the Bavarian transect, where the sampling design followed a linear arrangement of the localities going from west to east (Fig. 1) . Hence, the locality distances were computed as a distance from the westernmost locality, Augsburg.
Due to the sampling design adopted in the Czech transect, each locality could be characterized unequivocally in three-dimensional space. Geographical coordinates defined the first two dimensions (with the xaxis and y-axis running in the west-east and southnorth direction, respectively). The third dimension (zaxis) was the average frequency of the M. m. musculus alleles calculated over six autosomal allozymes located on six different chromosomes Idh, Gdh, Sod1, Np, Est1 and Mpi (M. Macholán et al., unpubl. data) . This frequency (hereafter refered to as HI6) ranged from 0 for a pure M. m. domesticus to 1 for a pure M. m. musculus. To reduce space dimensionality we used the Spline module to fit a surface to the xyz coordinate data based on the cubic spline smoothing procedure. The stiffness parameter, which determines the degree to which the fitted curve depends on local configurations of the analysed values, was set to 0.25. The position of the centre of the hybrid zone was defined as the isocline with an HI6 frequency of 0.5. The distance (DIST) of a given locality was calculated as a perpendicular (the shortest) distance to the 0.5 isocline.
Cline fitting in three-dimensional space was performed using Statistica, version 6.0 (StatSoft Inc., 2001) . The frequency of M. m. musculus alleles for each locality and each marker was computed and the hyperbolic tangential (tanh) equation (Szymura & Barton, 1986 Porter et al., 1997) was applied to approximate clines; P i is the expected frequency of the musculus alleles, x i is the distance of 
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Nucleotide positions are according to Bibb et al. (1981) but see Bayona-Bafaluy et al. (2003) .
the ith population along the transect, c is centre and w is width (all in kilometres). Maximum likelihood was used to fit the data to the hybrid zone model following the approach described by Szymura & Barton (1986 . Clines were approximated using a computer program developed by J. Piálek which incorporated the Metropolis algorithm (Press et al., 1989) and followed the method detailed by Porter et al. (1997) . It differed from Porter's method in that it used sample frequencies instead of individual genotypes to fit data. The statistics used to maximize the tanh model for sample frequencies was where p i and P i are the observed and expected frequencies at the ith population, respectively. The estimates of the two parameters c and w were further used for comparisons of mtDNA and autosomal and X chromosome data. We developed this model of data fitting to keep the estimates of cline shape as simple as possible (only two parameters, c and w were estimated). The model produced an S-shaped curve and represented in our opinion the most robust model estimate, in that it was minimally dependent on local conditions and therefore represented the most suitable model for comparison between different transects of the hybrid zone. Other techniques estimating more parameters to characterize cline shape (ClineFit by Porter et al., 1997;  Analyse by N. Barton & S. Baird http://helios.bto.ed.ac.uk/evolgen/Mac/Analyse/) might reflect locally different inferences between selection and geographical barriers or epistatic interactions. The contribution of these fac-
tors would be difficult to explain without detailed knowledge of local conditions and would therefore make a direct comparison among transects more difficult. For this reason such models were not considered in this study.
COMPARISON OF mtDNA, AUTOSOMAL LOCI AND THE X CHROMOSOME
The cline characteristics for presumably selectively neutral allozymes and for markers on X chromosomes that are assumed to be under strong selection (Tucker et al., 1992; Dod et al., 1993) were employed to estimate the degree of mitochondrial gene flow in the hybrid zone. The X chromosome clines were taken as a baseline for comparison of widths and centre positions of mtDNA clines between transects. To allow easy comparison of the two transects, the distance of the centres for Btk and X2 (X chromosome markers) were set to 0 km and the other values were recalculated accordingly (Figs 2, 3) . In other words, the Btk and X2 clines were forced to coincide. Therefore, positive values of distances indicated the position of a given locality on the M. m. musculus side of the hybrid zone and negative values indicated the M. m. domesticus side according to X chromosome markers.
RESULTS
VERIFICATION OF THE POTENTIAL mtDNA MARKERS
Only two of the five mtDNA markers scored in the panel of wild mouse DNA showed fixed differences Table 2 ). The other restriction sites did not appear as diagnostic markers for the following reasons. The restriction site of EcoRI was found to be present in both M. m. musculus and M. m. domesticus (in contrast with, e.g. Yonekawa et al., 1982 or Vanlerberghe et al., 1988b . Sequencing of two samples (M. m. musculus from locality Bou í and M. m. domesticus from locality Straas) confirmed the presence of the restriction site in both subspecies. (All sequences produced during the pilot study have been deposited in the GenBank database, accession numbers AY 394055-AY 394061). The restriction sites of HpaI and DraI were not fixed in one subspecies and missing in the other one. In three M. m. domesticus mice from two localities we also found a new unpublished haplotype using HpaI. There was an additional restriction site at position 8731. With additional screening (Table 3) , localities possessing only one, two or even all three of the haplotypes were found. The localities possessing the two HpaI restriction sites were not obviously clustered geographically.
As the presence/absence of the BamHI restriction site was easy to score and had high repeatability, we chose it as the best marker to screen the mtDNA of our hybrid zone samples. Before using this marker to investigate the pattern of mtDNA transition across the hybrid zone, we further quantified its reliability. We analysed 144 animals from 43 allopatric popula-č tions (for numbers of scored animals and geographical position of each locality see Appendix 1 and Fig. 1 ). Published data (Yonekawa et al., 1982; Munclinger et al., 2002) for 54 samples from 34 localities were also included. All scored samples from areas occupied by M. m. musculus (Marshall & Sage, 1981) had the M. m. musculus type of mtDNA (absence of restriction site), whereas samples from areas occupied by M. m. domesticus had the M. m. domesticus type of mtDNA (presence of restriction site). We also sequenced two animals from allopatric populations near the hybrid zone (Neuenreuth and Nová Ves u Sokolova) and two animals from a locality in the centre of the hybrid zone (Nov Drahov). We found that absence of the restriction site was caused by a synonymous transition at position 3656 (G instead of A in the M. m. musculus mtDNA fragment). Finally, mice from localities where a discrepancy between mtDNA and allozyme data occurred in the Czech transect were also screened for the XbaI restriction site. No inconsistency was observed between the two markers. The changes in the haplotype frequencies of mtDNA resulted in a wide cline, suggesting that the movement of mtDNA across the zone was not restricted by selection or other factors. The X chromosome clines had a surprisingly similar shape in both transects (Fig. 3) . The shape of the mtDNA cline was similar to the cline of autosomal allozymes but differed from the steep cline for X chromosome markers (see Table 4 for cline parameters and confidence intervals). Cline width, which correlated with the level of selection, was nearly the same for mtDNA and all three allozymes in the Czech transect. Cline width for Mpi in the Bavarian transect was narrower than were those for the other allozymes and mtDNA.
Apparent non-coincidence of mtDNA and X clines was found (Table 4, Fig. 3 ). The mtDNA cline centre was shifted about 3.6 km to the west in the Czech transect and 30.3 km to the east in the Bavarian transect. This large difference in the position of the centre in Bavaria was caused by long-distance intro- 
Determination of the subspecies status in localities close to the hybrid zone was based on six allozyme loci (M. Macholán et al., unpubl. To allow easy comparison, the cline centres for Btk and X2 (X chromosome markers) were set to 0 km and the other values were recalculated accordingly. The locality Ranshofen-Holfinger was not included in the mtDNA (40) ) were not included in the analysis, the difference between positions of mtDNA and X clines centres was markedly smaller. The exclusion of locality Ranshofen-Holfinger (mtDNA 40) changed the difference between the two centres to 20.3 km, and the exclusion of both localities (mtDNA 39) reduced it to 10.9 km.
data). Presence of a restriction site is represented by plus (+), absence of a restriction site is marked as minus (-). The haplotype with two restriction sites for HpaI is marked as (++
DISCUSSION
The selection of proper markers with fixed alternative alleles in the parental taxa is an important precondition of hybrid zone studies. In spite of extensive knowledge of the mouse genome the number of such markers is very limited for wild mice. Given this fact, the simple subspecies-specific markers we used can be valuable in unequivocally distinguishing between M. m. musculus and M. m. domesticus mtDNA in a variety of studies. The fact that only two of five presumed mtDNA markers showed fixed differences between M. m. musculus and M. m. domesticus underscores the importance of sampling a large number of allopatric populations in pilot experiments preceding the screening of individuals from the hybrid zone. Some inaccuracy may also arise when the positions of the restriction sites are deduced from restriction maps of total mtDNA. As a consequence the relatively small fragments amplified by PCR may not contain the expected restriction site.
The width of mtDNA clines in our study fell into the range of allozymes but was larger than that of the X markers, as we might predict for a part of the genome that is not under strong selection in the hybrid zone. Moreover, the centres of mtDNA clines were displaced far outside the main clusters of clines. Therefore, we can assume that mtDNA is unlikely to be directly involved in systems responsible for reproductive isolation of the two mouse taxa. Surprisingly, the mtDNA introgression in Bavaria was opposite in direction to that observed in the Czech transect. Although considerable differences between transects across the mouse hybrid zone have been shown previously, the fact that geographically very close transects can show quite different results is of interest. This finding corroborates the view that mitochondrial genes often have the potential to pass through boundaries of differentiated taxa more easily than do nuclear genes. There are several interacting factors that may account for the observed behaviour of mtDNA in the hybrid zone, and it is difficult to distinguish between them. Introgression may arise due to the low effective population size of mtDNA and hence its greater sensitivity to random effects such as drift or founder effect. Additionally, the presumed neutrality of mtDNA, and/or weaker linkage to genes under strong selection in the hybrid zone could influence the introgression of mtDNA in the hybrid zone. However, it should be mentioned that the presumed neutrality of mouse mtDNA has been challenged by Nachman, Boyer & Aquadro (1994) and also that the assumption concerning the lower effective population size of mtDNA can be questioned. The effective population size is also affected by the distribution of reproductive success (Ballard & Whitlock, 2004) . This holds true especially in species with strong sexual selection and therefore a small effective number of males, which is probably the case in M. musculus, with only dominant males being expected to reproduce. Under such circumstances the rate of drift in nuclear genes is not necessarily lower than that for mitochondrial ones (Ballard & Whitlock, 2004) .
At two localities in the Bavarian transect surprisingly long distance introgression of M. m. domesticus mtDNA into the M. m. musculus range (about 100 km) was observed. As the neighbouring localities did not carry the M. m. domesticus variant of mtDNA it seems likely that human-mediated transport of mice may account for such results. The influence of such long-distance transport was also visible at the Es1 locus, where M. m. domesticus alleles were also found at the same two localities. Such long-distance introgression due to human activities has been demonstrated repeatedly in mice (e.g. Orth et al., 1998 ; see also Pocock, Hauffe & Searle, 2005, 
this issue).
Although stochastic processes appear to be the major factor influencing the behaviour of mtDNA in the hybrid zone between M. m. musculus and M. m. domesticus, we cannot fully exclude nonrandom association between cytoplasmic and nuclear genes (cytonuclear disequilibria) as a factor influencing local variation in the transects studied. In future work we would like to investigate these alternatives using exact tests for cytonuclear disequilibria that have been developed recently (Asmussen & Basten, 1994; Basten & Asmussen, 1997 Yonekawa et al., 1982; (3) Munclinger et al., 2002] are also included. Localities are numbered as in Figure 1 . 5.9 1 (1) 1 (1) 1 (1) 1 (1) 0 (1) Lipoltov, CZE 6.5 0 (1) 1 (1) 1 (1) 1 (1) 1 (1) Habartov, CZE 6.7 1 (1) 1 (1) 1 (1) 1 (1) 0.5 (1) Dolní Nivy, CZE 7.7 1 (4) 1 (4) 0.75 (4) 1 (4) 1 (4) Lomnice, CZE 8.6 1 (7) 1 (7) 0.5 (7) 1 (7) 1 (7) Svatava, CZE 10.6 1 (1) 1 (1) 1 (1) 1 (1) 0.5 (1) Hlavno, CZE 11 1 (6) 1 (6) 1 (6) 0.417 (6) 1 (6) Rudolec 1, CZE 13.1 1 (10) 1 (9) 1 (6) 0.75 (8) Numbers in parentheses represent sample sizes for mtDNA. For sample sizes of other markers see Tucker et al. (1992) . GER, Germany; AST, Austria.
